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Abstract 
A humidity fiber optic sensor based on phase-shifted (PS) Fiber Bragg gratings (FBG) is 
demonstrated. Compared to the standard FBG sensors, the peak of the PS-FBG slips into 
2 narrow peaks and forms a sharp dip in the middle. As a result, the resolution of the 
measurement will be higher. The sensors used in the experiments were fabricated by 
coating the PS-FBG surface with a moisture-sensitive polyimide and is based on the 
strain effect caused by the swelling of the coating after moisture absorption. The same 
trend seen in a standard FBG sensor can be achieved, but with higher measurement 
resolution in environments differing by humidity and temperature. This thesis presents 
simulation and measurement results, including sensitivity and response time, of the PS-
FBG sensor approach for humidity sensing, as compared to the standard FBG sensors. 
Stability and hysteresis are also discussed. 
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Chapter 1 
Introduction 
Among the many tools, approaches, probes and sensors on the market, Fiber Bragg 
Gratings emerge as the preferred choice for non-intrusive multi-parameter sensing, due to 
their desirable characteristics including electrical passivity, immunity to electromagnetic 
interference, small sizes, low insertion losses, and high sensitivity [1]. Fiber Bragg 
Gratings (FBGs) have received more attention in the past decades due to their numerous 
strain [2-3], temperature [2], humidity [4-5] and acoustic [6-7] properties.  Compared to 
other types of sensors, FBG sensors have demonstrated three major advantages. First, 
they produce excellent multiplexing capability (tens or hundreds of FBG sensors can be 
fabricated and monitored on a single optical fiber), making them suitable for sensing 
applications at multiple places. Second, their remote monitoring capability allows us to 
maintain accurate and rapid control at a distance. Third, FBGs are small and light, 
resulting in easily installation into small spaces without damaging the interior structure. 
Meanwhile, they provide good immunity to electromagnetic (EMI) and radio frequency 
(RFI) interference, due to their electrical insulation. Over the years, this sensor type has 
had its optical characteristics manipulated for different sensing mechanisms and 
applications. 
While FBG detectors can produce numerous advantages in sensing applications, 
several technical problems still need to be overcome. One of the most considerable 
challenges is the measurement resolution, and phase-shifted FBGs are introduced into the 
research to address this issue. In recent years, the phase-shifted Fiber Bragg Grating (PS-
FBG) filter has been explored for sensing applications [8-9]. The PS-FBG is an optical 
filter that transmits a very narrow line width within a much broader reflection spectrum. 
By introducing a   phase shift in the middle of the grating the result will be effectively 
two identical gratings, separated by a half wavelength. The consequence of this is the 
generation of two separate gratings that act as an extended Fabry-Perot etalon, which 
selects the transmitted wavelength. Sui P. Yam et al. [10] fabricated a PS-FBG by 
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launching an ultraviolet (UV) laser through a phase mask to develop the etalon pattern 
between two standard FBGs. 
In this research, we report an improved Bragg wavelength resolution by PS-FBGs 
coated with polyimide. For the standard FBG, a wide range and approximately flat shape 
of spectral top makes it difficult to distinguish the peak point. However, in the centre 
position of the Bragg wavelength peak, the  -phase-shifted gratings yield a split into two 
narrow peaks and produce a sharp dip, which can be easily resolved. This provides a 
higher resolution and accuracy in resolving the Bragg wavelength. Taking advantage of 
this high-resolution fiber sensor, we discuss the sensitivity and time response, which can 
be influenced by temperature and humidity throughout the polyimide coating. This thesis 
evaluates the feasibility of fabricating humidity sensors using -PS-FBG, and reports on 
the operation principle and their performances at humidity sensing. The results show 
better accuracy in spectrum and parallel performance against the standard FBG. 
1.1 History of Fiber Optics  
An optical fiber is made from glass or plastic and transmits data as light. The setup can 
include many threads in modern times. In the early 1840s physicists Daniel Collodon and 
Jacques Babinet first demonstrated that light could be directed inside a curved jet of 
water from a fountain, an example of the basic principal at work in fiber optics [11]. In 
1880 the ‘Photophone’, which could transmit a voice through a light beam, was invented 
by Alexander Graham Bell and Sumner Tainter in Washington, D.C [12]. They focused 
sunlight with a mirror and then built a system that vibrated the mirror in accordance to 
the speaker’s voice. At the receiving end, a detector received the vibrating beam and 
translated it back into a voice. In 1930, German medical student Heinrich Lamm was the 
first person to assemble a bundle of optical fibers to transmit an image [13]. In 1973 Bell 
Laboratories developed a modified chemical vapor deposition process that heats chemical 
vapors and oxygen to form ultra-transparent glass that can be mass-produced into low-
loss optical fiber [14]. This process still remains the standard for fiber-optic cable 
manufacturing. In 1978 the photoconductive property of fibers was discovered in Ge-
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doped silicon fibers, and the first in-fiber Bragg grating was demonstrated. After 11 years, 
in 1989, FBGs were inscribed into fiber sensors by using the UV laser [15], and this was 
a significant step in the fiber gratings fabrication history. In the late 1970s and early 
1980s, telephone companies began to use fibers extensively to rebuild their 
communications infrastructure. After this, a series of the discoveries were made in the 
progression of optical fiber technologies. Today more than 80 percent of the world's 
long-distance traffic is carried over optical fiber cables, and 25 million kilometers of the 
cable Maurer, Keck and Schultz designed has been installed worldwide. 
1.2 Advantages  
Compared to traditional electrical and mechanical sensors, FBG sensors have several 
advantages: First, they have good immunity to electromagnetic interferences. Normally 
the frequency of background electromagnetic radiation is much lower than that of optical 
waves [16], so the optical signal will not be altered during the transmission in the fiber. 
Second, they are resistant to corrosion [17], as the material of fiber sensors is silicon, 
which has outstanding chemical stability. FBG sensors can therefore be used in extremely 
hot or corrosive environments. Third, conventional sensors are big and so they cannot be 
used in some small place like cracks. Their light weight and small size make fiber sensors 
more suitable [18]. The fiber sensor is also flexible to suit a crooked condition. Low 
insertion loss is also a significant advantage for fiber sensors replacing traditional sensors 
to accomplish remote monitoring [19]. Furthermore, a fiber sensor can be used to 
measure numerous parameters such as temperature, humidity, strain, flux, current, 
pressure, and solution concentration. 
1.3 Applications of Fiber sensors 
1.3.1 Applications in Civil Engineering 
In civil engineering layout FBG sensors monitoring is very active. The measurement of 
mechanical parameters is very important to the protection and monitoring of bridges, 
mines, tunnels, dams, buildings, etc. [20][21]. By measuring the strain distribution some 
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of the future deformation and breakage can be predicted. Fiber sensors can be attached to 
the surface or pre-embedded in the structure, which can be deployed for impact detection, 
shape monitoring, and oscillation damping. In this case, the critical points of the structure 
are monitored. Multiple fiber sensors can be connected into a sensing network, and 
computers can survey sensor signals over long distances. For example, fiber optics 
sensors are widely used in the monitoring of cracks. Local deformation will lead to 
cracks or slips, bending the buried fiber and altering the optical waveguide reflection 
conditions. Consequently, optical loss is added, or the optical spectrum will change [22]. 
1.3.2 Application in Power Systems 
In power systems, to measure temperature, current and other parameters, as in the 
monitoring of high voltage transformer systems, a traditional sensor is susceptible to the 
electromagnetic interference and so cannot be used [23]. Fiber optic sensors are 
necessary. Distributed optical fiber temperature sensors in recent years have developed 
for real-time measurement of spatial temperature distribution, because they not only have 
the general advantages of fiber optic sensors but can distribute sensing along the length of 
the fibers. Taking advantage of this feature we can continuously detect the real-time 
temperature of each point along the optical fiber within a few kilometers. Positioning 
accuracy can be to within one meter, and measurement sensitivity down to one degree 
centigrade is possible. Fiber optics serves as ideal sensors for temperature detection in a 
wide range of applications. 
1.3.3 Application in Shipping, Aerospace, Medicine and Chemical Detection 
Advanced composite materials can have better anti-fatigue and anti-corrosion properties, 
which can lead to a reduction in the weight of a hull or fuselage, and this plays a 
significant role in shipping and aviation [24]. Composites are increasingly being used to 
create aviation and aerospace engineering. When monitoring the frames of ships, aircraft 
or spacecraft, several parameters demand attention: deformation torque, shear stress, and 
deck blow force. About 100 sensors are needed on a general hull. Fiber sensors which 
have strong wavelength multiplexing capability are critical components for hull testing. 
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Moreover, in order to monitor the strain, temperature, vibration, landing controls, 
ultrasonic turbulence and acceleration of an airplane, the general demand is more than 
100 sensors, so the weight of the sensor must be as light as possible. In addition, aircraft 
composites materials have anisotropic mechanical properties, and embedded FBG sensors 
can be also used to complete the multi-point multi-axial strain and temperature 
measurement. As a result, the most flexible optical fiber sensor is usually the best choice. 
Fiber sensors can also be used in other areas, such as medical science [25] and 
chemistry [26]. One application is measuring heart rate. For this, a doctor inserts a canal 
embedded with the fiber sensors into the right atrium, and injects a cold solution. The 
temperature of the blood can be measured, and with pulse power output we can know the 
amount of blood in the heart, which is very important for cardiac monitoring.  
Fiber sensors can also be used for chemical sensing. Since the center wavelength of 
the grating is controlled by the refractive index, changes in the concentration of 
chemicals that affect the index can be monitored. The pH and salt concentration of a 
solution can be established and tracked in this way. 
1.4 Challenge and Research Purpose 
Although fiber sensors have numerous advantages, several improvements still need to be 
considered. First, measurement of the wavelength drift to perceive changes in the external 
physical parameters by FBGs must be advanced. If we want to widen the scope of 
measurement, a broadband light source must be used. Improving the resolution then 
demands that we make the reflection line width narrow, and this greatly reduces the 
power efficiency of the light source. Thus, in current FBG sensing systems a broadband 
high-power light source must be used to get an adequate SNR. 
Secondly, to sense the changes in physical parameters, we observe the wavelength 
shift, so we need to improve the sensitivity and the resolution of detection with a precise 
spectral analyzer, increasing the cost of the entire system and reducing its usefulness. 
Stability is also an issue with heavy on influence on fiber sensor practicality. To sense 
some parameter like humidity and temperature, the fiber sensors are coated with a buffer 
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layer, including polyimide, PMMA, polyimide, etc. This buffer layer will be exposed in 
the air or solution for a long time. Developing a long-lasting buffer layer is also a 
challenge. 
Finally, we need to make the fiber sensors more practical for regular applications. 
Fiber optical sensors still cannot compete with conventional sensors in many settings due 
to high cost and their special properties.  
1.5 Preview 
This thesis covers a range of research in PS-FBG sensors. Chapter 1 gives an overview of 
fiber optic sensors including historical developments, advantages, applications, necessary 
improvements and the research purpose of this thesis.  
Chapter 2 offers the literature and background of FBG sensors and PS-FBG sensors. 
The biggest merit of this phase-shift introduced in this thesis is higher measurement 
resolution. I will also present a polyimide coating layer which has good sensitivity to 
humidity and temperature. Meanwhile, the principles of the Bragg wavelength are also 
discussed in Chapter 2, and relationships between wavelength and several parameters, 
like water uptake and temperature, are introduced.  
Chapter 3 contains the experiment setup and some effects of environmental 
conditions on the polyimide coating. A simulation showing the relationship between the 
wavelength variation and parameters including water uptake, fiber radius, coating 
thickness, temperature and humidity is established, and we also discuss the time response 
using Matlab, where the ascending and descending order are both illustrated.  
In Chapter 4, the spectrum, humidity, temperature and time response results are 
presented. We also compare the uniform FBG and -PS-FBG. The most obvious 
difference is that the sharp tip of the PS-FBG spectrum replaces the flat peak of the 
standard FBG. The comparison between the experiment results and the simulation with 
hysteresis are also illustrated.  
In Chapter 5, we conclude and summarize the findings of the simulations and 
measurements, and outline the prospects for future work. 
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Chapter 2 
Principles 
2.1 Fiber Optic Sensor 
In recent years, sensors have developed in the direction of greater sensitivity, precision, 
adaptability, compactness and intelligence. In this process the optical fiber sensor has 
received much attention.  These fibers have many excellent properties: immunity to 
electromagnetic (EMI) and radio frequency (RFI) interferences, small size, light weight, 
water-resistance, thermal stability, corrosion-resistance and remote monitoring capability.  
In environments with intolerable heat or radiation levels they can play a significant role 
in measurement or monitoring. Consequently, modern fiber optic sensors have become 
replacements to the traditional electromagnetic sensors. 
A fiber optic sensor can be used into two ways, either as a sensing part called the 
intrinsic sensor, or as a transmission line called the extrinsic sensor. Intrinsic fiber optic 
sensors have received attention in the past decades due to their usefulness in strain, 
temperature, humidity and in-line reflection sensing. Extrinsic fiber optic sensors act as a 
media for light transmission in countless applications.  
2.2 Fiber Bragg Grating 
A Fiber Bragg Grating (FBG) is a permanent, periodically index-changing structure 
written into the core of an optical fiber. With the development of the fiber grating sensors, 
many derivations have been produced, including long period fiber grating, tilted FBG, 
chirped fiber grating and phase-shifted fiber grating. One application of the fiber grating 
is to achieve the chromatic dispersion compensation in an optical fiber. The fiber is 
treated as a selective optical delay line, which make the transit times of different 
wavelengths mostly equal. In the fiber, the shorter wavelength travels faster than the 
longer one; accounting for this, the fiber grating is made in different segment along the 
grating in order to reflect different wavelengths. Before bouncing back to the input end, 
the shorter wavelengths have to travel by a longer route. Consequently, the shorter 
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wavelength is delayed to allow the longer ones to catch up, achieving simultaneous 
arrival.  
Another widespread application of the fiber grating is use as sensing components. 
Since its inception, FBG has been widely used in fiber optic sensing fields. As the fiber 
grating sensor is insensitive to electromagnetic interference, corrosion-resistant, 
electrically insulated, highly sensitive and low in cost, it has been paid much attention in 
the FBG sensing research. Due to the resonance wavelength caused by strain and 
temperature sensitivities, FBG sensors are mainly used for measurement of stress, strain 
and temperature. The wavelength shift resulting from external parameters (temperature or 
stress-strain) in FBGs is the essential mechanism of action. This sensor offers high 
sensitivity, immunity to most interference and stability for low energy light, and it is 
suitable for precise and accurate measurements. FBG sensors now occupy over 40% of 
fiber-based materials applications. Now FBG sensors have been used in various 
applications, such as highways, bridges, dams, mines, airports, ships, factories, railways, 
oil and gas storage monitoring.  
Figure 2.1 shows several types of FBGs [27]. Fig. 2.1(a) is a standard FBG. Under a 
phase matching, a FBG has the forward propagating mode coupled with the backward 
propagating mode, leading to a specific wavelength missing in the transmission spectrum. 
The long period fiber grating can couple the forward propagating core mode to some of 
the cladding mode. In a chirped fiber, each wavelength is reflected at different positions 
as a result of a delay time difference for different reflected wavelengths. A tilted fiber 
grating can couple the forward propagating core mode to the backward propagating mode 
both in core and cladding. A sampled fiber grating can reflect several wavelengths with 
equal wavelength spacing. All these types of gratings have been utilized in various types 
of fiber grating sensors and wavelength change interrogators.  
  9 
 
Fig. 2.1 Types of fiber Bragg gratings (a) standard FBG, (b) long period FBG, (c) chirped 
FBG, (d) tilted FBG, (e) sampled FBG 
Many parameters, including strain, temperature and humidity, can be evaluated by FBG 
sensors. In 1992, Meltz and Morey demonstrated that strain and temperature changes can 
shift the Bragg wavelength. Due to the variation of the grating period, caused by a 
physical stretch and the refractive index, a shift strain was induced. Meanwhile, the 
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temperature response resulted from both a thermal expansion and the temperature 
dependence of the refractive index. Obviously, any shift of the Bragg wavelength can be 
taken as a result of the strain and temperature changing. The other sensing parameters, 
such as humidity, vibration and pressure, can be measured indirectly from considering the 
strain and temperature changes.  
Strain is the most common factor which FBG sensors are applied to tes, and a tiny 
change in strain can be reliably detected for many industrial applications. Massino et al. 
[28] presented a field test using FBG sensors to monitor railway traffic. They 
demonstrated the possibility of using these FBG sensors to know train speed and 
acceleration with the testing of the strain track.  
Temperature is one of the most significant parameters for industries and daily 
applications. Its measurement has been achieved by using optical fibers for decades [29], 
and now the current research of temperature sensing is focused on resolution and 
accuracy improvement and cost reduction. In 2012, Tong Sun et al. [30] developed a 
FBG inside a garment for monitoring a person in a dangerous environment, such as a 
firefighter, as astronaut or a soldier. Such data must also be used for temperature 
compensation during the measurement of other parameters, such as pressure and salinity. 
Humidity is another critical parameter in many applications, often key in industry and 
weather monitoring. Furthermore, humidity is relative to temperature during testing, and 
compensating for temperature variation when testing the humidity is a considerable 
challenge [31].  
Figure 2.2 shows the structure of a typical FBG sensor. As shown in Fig. 2.2, the 
refractive index can be adjusted with the grating period. Since light enters the core 
through a FBG, a part of the light will reflect while the rest will transmit through the 
gating. This leads to the coupling between the incoming and reflected light by the core 
and cladding mode. As a result, an attenuation of the light occurs at a specific wavelength, 
resulting in a peak in the reflection spectra as shown in Fig. 2.3 [32]. This is the Bragg 
wavelength. This process is demonstrated in Fig. 2.4. 
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Fig. 2.2 Typical fiber Bragg grating structure 
 
 
 
Fig. 2.3 Typical reflection spectra with Bragg wavelength 
Fiber Bragg Grating 
Λ Core  
Coating  
Cladding  
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Fig. 2.4 Reflection sketch of light passing through the grating 
Beyond the typical FBG structure shown in Fig. 2.2, alternate versions are possible by 
variation of the refractive index and grating period. The grating can be uniform, graded or 
distributed in a superstructure. The refractive index has two main features: index 
distribution and offset. Typically, the index distribution is either uniform or apodized, 
and the offset is positive or zero. With these two factors influencing the grating structure 
several categories are of interest, such as uniform positive-only index change, Gaussian 
apodized, aised-cosine apodized, chirped, discrete phase shift, and superstructure.  
Initial experiments were carried out using a fiber sensor with a coating thickness of 
33μm. This value was determined using a microscope, which yields an uncertainty of μm 
in the measurement. The performance of FBG sensors under variable temperature and 
humidity is shown by Teck L. Yeo et al. [33]. The humidity change yields a wavelength 
span of approximately 0.35 nm. A linear relationship between the Bragg wavelength and 
relative humidity was evident. The linear increase corresponds to the equations we 
provide above. The sensitivity of the device was estimated to be 4.5 pm/%RH at 1535 nm. 
Response time is a key issue which is particularly significant in applications needing very 
accurate data. The time taken to read before stabilization at 75%RH was found to be 
approximately 25 min, while the time required for the reading to move from 75%RH to 
ambient conditions (at 36%RH) was approximately 40 min. W. Zhang et al. [34] 
demonstrated polymer FBG sensors with improved response times, decreased by 
reducing the polymer thickness, which an important factor effect leading to different 
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FBG sensor performance. The RH and T sensitivities with respect to the cross-section 
area of the polyimide coating were observed by Kronenberg et al. [35]. They installed 
one bare grating and seven gratings with different average coating thicknesses. For low 
ratios of coating to fiber cross-section area, the fitted curves show an almost linear 
dependence of humidity and temperature sensitivities on cross area (SRH and ST on Ac). 
2.3 Phase-Shifted Fiber Bragg Grating 
A PS-FBG is an in-fiber optical filter that transmits a very narrow line width within a 
much broader reflection spectrum. By introducing a   phase shift in the middle of the 
grating the result will in effect be two identical gratings, separated by a half wavelength. 
Consequently, the two separate gratings will act as an extended Fabry-Perot etalon, which 
can select the transmitted wavelength. Ideally, it will build one peak in the middle of the 
transmitted light spectrum. We usually fabricate a PS-FBG by launching a UV laser 
through a phase mask to develop an etalon pattern between two standard FBGs [36]. A 
Fabry-Perot etalon, as shown in Fig. 2.5 [37], is a tunable optical filter consisting of two 
parallel, highly reflecting mirrors.  
 
Fig. 2.5 Schematic setup of Fabry-Perot etalon 
When the light enters the etalon, it will be reflected between the parallel plates several 
times and a small fraction will escape through the back side. As the wavelength satisfies 
the relationship =2nd , where d is the distance between the two parallel plates, the 
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transmitted light beams of the series Tn are all in phase while the reflected light Rm 
escaping from the back side will be out of phase. This leads to the constructive and 
destructive interference between each T and R, respectively, so light will be wholly 
transmitted through the filter and neighboring wavelengths will be blocked. All other 
wavelengths that are not in phase will simply be reflected with a small fraction that leaks 
through the filter. The transmitted wavelength depends on the magnitude of the phase 
shift. When the shift reaches a quarter of wavelength and sits in the middle of the grating 
there will be a small segment of the reflected spectrum that will be affected and this will 
open up a very narrow transmission peak in the middle of the reflection band. The whole 
spectrum including the peak is variable with the phase-shifted grating. 
Figure 2.6 [38] illustrates a standard FBG and   PS-FBG structure. Introducing a  
phase shift in the middle of the FBG results in the formation of a narrow peak with a 
megahertz line width. Compared to the typical width of a FBG signal of tens of GHz, the 
signal of a  PS-FBG is much narrower. Therefore, sensors based on PS-FBG will offer 
much higher resolution compared to their FBG counterparts. Indeed, high resolution 
strain measurement using PS-FBG has been reported recently [39-41]. 
 
(a) Standard FBG 
 
(b) -phase shifted-FBG 
Fig. 2.6 Concept of the fiber Bragg grating filters, (a) Standard FBG; (b) -phase shifted-
FBG 
Λ 
 
Λ 
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The position of the peak in the transmitted spectrum depends on the magnitude of the 
phase shift. Christophe Martinez et al. [42] did a modulation to demonstrate this 
relationship. As shown in Fig. 2.7, the dip exists at different positions of the transmitted 
spectrum due to a different phase in the standard gratings array, and with a phase shift of 
  it appears in the middle position. The phase-shift position is a factor that influences the 
shape of the transmitted spectrum. A comparison of three position values is illustrated in 
Fig. 2.8. l  is the distance between the phase and the middle position of the grating. 
Obviously, the central peak reaches different transmission values and the transmission 
notch decreases with increasing l , and the transmission turns out to be the spectrum of a 
standard Bragg grating when the l  equals to half length of the grating. 
 
Fig. 2.7 Spectral transmission of 4-mm-long PS-FBG for three values of phase (a)  -0.25, 
(b)   and (c)  +1 
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Fig. 2.8 Comparison of spectral transmissions of 4.5-mm-long  -phase-shifted FBGs for 
three values of the phase-shift position on the grating 
2.4 Polyimide Coating 
Polyimide (PI) is a polymer of imide monomers. As a result of its light weight, flexibility, 
thermal stability, resistance to chemical attack and excellent mechanical properties, PI is 
used in flexible cables, and as a stress buffer and insulating layer in electronics industries. 
It is one of the most reliable engineering polymers, demonstrated in its numerous 
applications in the packaging of electronics and fiber optics [43]. Although its moisture 
and temperature sensitivity is limited when compared to other polymers, PI is still treated 
as a common material for humidity and temperature sensing due to its unique properties. 
In this thesis, PI was chosen as the coating material. Most PI blends have a repeated 
chemical structure similar to the one shown below: 
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Fig. 2.9 Typical chemical structure of polyimide 
This structure gives PI high temperature resistance and excellent mechanical 
properties, thus making it an ideal candidate for coating applications. For the -PS-FBG 
humidity sensor, the PI precursor solution was coated on -PS-FBG using a commercial 
optical fiber PI coater system. The thickness of the coating is controlled within 30 m to 
ensure that moisture is capable of diffusing into the coating within short time period, and 
to ensure that the force induced by the swelling of the PI is enough to induce sufficient 
strain on the gratings.  
When subjected to humidity or water exposure while deposited over an optical fiber 
sensor (e.g. FBG), the PI swells and induces strain in the grating, resulting in a 
wavelength shift. Figure 2.10 illustrates readings before and after humidity is induced. A 
thin layer of PI is coated on the fiber surface, and the swelling of the polymer produces a 
tensile stress on the grating, resulting in a shift of grating period and reflected wavelength. 
A tensile strain is induced on the fiber with pitch increasing from  to +, hence, the 
Bragg wavelength B varies from 2neff to 2neff(+). Therefore, the Bragg wavelength 
can be correlated to the humidity level. Although the moisture swelling capability of PI is 
not as high as that compared to other polymers, the volume expansion of the material 
when exposed to humidity change is linear and FBG sensors coated with PI exhibit a 
linear and reversible response with humidity change. Kronenberg et al. [44] reported PI-
coated FBGs with different coating thickness determining the humidity and temperature 
responses of the sensors, and a linear and reversible response to both parameters was 
reported. 
  18 
 
Fig. 2.10 Illustration of polymer coated FBG before and after moisture induced swelling, 
a period variation  caused by the swelling of the PI coating, due to water absorption. 
The PI we used in this thesis is PI-2525 [45], whose precursors are suitable for 
applications where a high temperature complicates curing.  Typically these precursors are 
used as buffer or interlay dielectric layers on low-temperature substrates. They are easier 
and faster to imidize at low temperature than standard PI precursors. In the coating 
process, the bonding of the precursors and the substrates are completed during the 
softbake cycle since the highly viscous solution solidifies. All the bubbles in the solutions 
need time to dissipate out during this period. It is necessary to have a short delay prior to 
spin to allow the PI to flow, and the spin speed and time depend must be selected for a 
target coating thickness. After the coating a bake process, which aims to cure the PI 
precursor for patterning, is required. Then samples can be patterned using 
nanofabrication techniques with photoresist. Finally, the cure heating cycle makes the 
precursors convert to PI, and this requires elevated temperature and a controlled 
environment to accomplish the best results.  
2.5 Relevant with Temperature and Humidity 
As shown in Fig. 2.2, the Bragg wavelength depends on both the refractive index of the 
fiber core and the period of the grating. Being launched into the end of the fiber with a 
Λ +     
(a) Before swelling (b) After swelling 
Swelling induced by tensile force    
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FBG, the light with a specific wavelength matching the Bragg condition will reflect back, 
while the rest will pass through. From the Bragg grating condition, the following equation can 
be found: 
               
2 2
2( )
eff
B
n 


                                                 (1) 
The attenuated wavelength relies on the refractive index of the fiber core and the 
period of the gratings. As a result, the value of the Bragg wavelength is a function of the 
effective refractive index (neff) of the optical fiber and the grating pitch ( ) of the FBG, 
which is given [46] as: 
                                                    
2B effn                                                        (2) 
As stated at the beginning of this chapter, FBGs can be used to measure the strain, 
temperature and humidity. For the structure shown in Fig.2.2, this is mainly caused by the 
coating, which can be made of silicon, PMMA, PI and so on. When the strain, 
temperature, humidity or other factors affect the coating, a change inside the coating 
occurs, and this directs a variation of the effective refractive index of the grating period, 
giving rise to the Bragg wavelength. Therefore, the shift in Bragg wavelength determined 
by the change in strain or thermal effect is given by [47] 
(1 ) [(1 ) ]B e e
B
P P T

  


     
                                 (3) 
where Pe is the photoelastic constant of the fiber (the typical value for silica fiber is 0.22), 
  is the strain induced on the fiber,  is the fiber thermal-expansion coefficient, and  is 
the fiber-thermooptic coefficient. The first term represents the longitudinal strain effect 
on the FBG and the second term represents the thermal effect, which includes thermal 
expansion of the material and the thermal-optic effect. 
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When the coating absorbs moisture, the stain  is proportional to the moisture 
expansion coefficient and the relative humidity change. The shift in the Bragg 
wavelength for the polymer-coated FBG is given by: 
(1 ) [(1 ) ]B e RH e T
B
P RH P T

  


      
                  (4) 
where RH and T are the moisture expansion coefficient and the thermal expansion 
coefficient of the coated FBG, respectively. The equation can be further simplified to:  
  
(1 ) (1 )B e RH e T
B
P P T

  


     
                       (5) 
From the above equations, it is apparent that the shift is relative to the strain effect 
induced on the FBG due to moisture and to the thermal expansion and the thermooptic 
effect. 
2.6 Relationship between Wavelength, Water Uptake and Temperature 
In this section, we will introduce some parameters influencing the coating deformation: 
water uptake, Young’s modulus, fiber radius and coating thickness. The density of the PI 
coating will vary after the moisture absorption. Hence, since the PI swells after the 
absorption of water, the density of the polymer after the absorption of the water is 
determined by 
= (1 )PI water PIw w                                                   (6) 
where  water  is the density of water, PI  is the original density of PI and w  is the 
weight gain of the swelled PI coating. The volume expansion rate of the swelled PI can 
be given by    
0
( 1) 1PI
PI
V
w
V



  
                                               (7) 
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The tensile strain effect induced on the PI due to moisture and temperature is given 
by 
0
0 0
2
(1 )
3
PI
f
DV
V R D


 
                                       (8) 
where  
0D  is the thickness of the PI coating and fR  is the radius of the fiber. The tensile 
strain of the fiber is given by 
/f f PI PI PI
f
f f f f
F A E A
E E A E
 
   
                             (9) 
where   is the tensile stress, f  is short for fiber, PI is for the polyimide and F is the 
swelling force caused by the water uptake determined by the strain  , Young’s modulus 
E and the cross-sectional area A , which is 2R . Eq. 10 below represents the Bragg 
wavelength shift for the PI coated fiber: 
(1 )e f
B
P




 
                                            (10) 
where  eP  is the photoelastic coefficient of the fiber, which is typically equal to 0.22 for 
fused silica, and B  is the original Bragg wavelength whose value is 1550 nm in this 
experiment. As a result, the Bragg wavelength change can be a function of the water 
uptake, coating thickness, Young’s modulus and fiber radius.  
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Chapter 3 
Simulation and Experimental Setup 
3.1 Simulation 
Young's modulus  of glass fiber fE  
7.18E+10 N/m
2 
7.32E+03 kg/mm
2
 
Young's modulus  of Polyimide PIE  3.26E+02 kg/mm2 
Water Density water  1 g/cm
3
 
Polyimide Density PI  1.39 g/cm
3
 
Effective photoelastic constant for fused silica eP  0.22 
 
Table 1 Parameters in equations 
3.1.1 Effect of the Water Absorption Rate 
The water uptake is the content of the water in the PI after the absorption process. Since 
the moisture in the air changes the coating will absorb or release water. As the volume of 
water uptake can stretch of shrink the coating, the grating inside the fiber core will be 
grating. In this simulation, it is assumed to vary from 0 to 3.0% and the interval is set at 
0.15%. Meanwhile, Table 1 shows some fixed parameter in the whole simulation. We fix 
the PI thickness at 30 μm. Fig. 3.1 presents the preliminary simulation results of a 
standard FBG at 20 water absorption points. The figure shows that the shift of the Bragg 
wavelength increases linearly with water uptake. From the linear curve, we obtain that 
higher water uptake leads to larger shift of the Bragg wavelength and higher sensitivity to 
humidity.  
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Fig. 3.1 Effect of polyimide water absorption; temperature: 85°C, fiber radius: 62.5μm, 
coating thickness: 30μm 
3.1.2 Effect of the Thickness of the Polyimide Coating 
We set the water uptake at 2% and the PI thickness from 2 μm to 30 μm. Fig. 3.2 shows 
that the change of the Bragg wavelength ascends with the increasing polyimide coating 
thickness approximately linearly. That means that a thicker PI coating can absorb more 
water and result in a larger wavelength shift and higher sensitivity. Corresponding to the 
experiment, PS-FBG shows a higher sensitivity than the standard FBG, resulting from the 
thicker coating.  
 
Fig. 3.2Effect of polyimide thickness; temperature: 85°C, fiber radius: 62.5μm, water 
uptake: 2% 
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3.1.3 Effect of Optical Fiber Radius 
Besides water uptake and PI thickness, the optical fiber radius is another parameter which 
can impact the Bragg wavelength change. The optical fiber radius can be controlled from 
42.5μm to 98.5μm with the constant water uptake at 2%. It can be seen in Fig. 3.3 that a 
lower fiber radius results in a smaller the change of the Bragg wavelength. Unlike the two 
relationships mentioned above, this curve is nonlinear as the cross-sectional area A is 
not proportional to the wavelength change in Eq. 9. 
 
Fig. 3.3 Effect of Optical Fiber Radius; temperature: 85°C, water uptake: 2%, coating 
thickness: 30μm 
3.1.4 Effect of Temperature 
The variation of the Bragg wavelength depends on not only humidity but also 
temperature. This is caused by the change of Young’s modulus at different temperatures. 
The relationship between the Young’s modulus and temperature is given by [48] 
( ) 0.0066 ( ) 5.5657E GPa T C                                     (11) 
where E is the Young’s modulus of the material and T is the temperature. As shown in 
the Fig. 3.4, temperature is tuned from 10°C to 80°C and water uptake is kept at 2%. Fig. 
3.4 reveals that the wavelength will linearly increase, with a smaller shift of the Bragg 
wavelength as the temperature rises. This is similar to the result we obtain from the 
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experiment. Higher temperature leads to lower sensitivity, which can be attributed to the 
decreasing Young’s modulus. 
 
Fig. 3.4 Effect of temperature; water uptake: 2%, fiber radius: 62.5μm, coating thickness: 
30μm 
3.1.5 Effect of Humidity 
The relationship between the humidity and water uptake is modeled by Peeyush et al. [49] 
by using the Guggenheim-Anderson-de-Boer equation: 
(1 )(1 )
m w
w w w
M ACa
w M
Aa Aa ACa
 
  
                                         (12) 
where M  is the weight gain, wa  is the water activity, which is RH value, mM  is the 
monolayer moisture content, and A and C are constants related to heat of sorption. Fitting 
the data to Eq. 12, the coefficients were found to be Mm = 0.352 (kg water)/(kg dry basis), 
A = 0.28 and C = 0.18. Since the relationship between relative humidity and water uptake 
is not linear, the curve is not exactly linear as well. We set the humidity range from 0 to 
100%.  As we show in the experiment, the wavelength is increasing with the humidity 
change and the shift of Bragg wavelength is larger, resulting in higher sensitivity. 
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Fig. 3.5 Effect of humidity; temperature: 85°C, fiber radius: 62.5μm, coating thickness: 
30μm 
 
In summary, the change of the Bragg wavelength depends on several parameters such 
as water uptake, coating thickness, fiber radius, temperature and humidity. To increase 
the sensitivity of the FBG, we can try to improve the capacity of the PI coating to absorb 
water, increase the thickness, decrease the fiber radius or keep the fiber working in the 
relatively lower temperature and humidity condition.  
3.1.6 Time Response 
In this section, we use Matlab to model the time response of the FBG in moisture. After 
the change of the ambient humidity, the wavelength needs time to stabilize until the 
moisture saturates the PI coating. The coating is a hollow structure. Therefore, the 
relationship between the normalized concentration 
0/C C  and time t , where 0C  is the 
original water concentration in the coating, is given by [50]: 
2
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where ( )nJ  and ( )nY  are the Bessel functions of the first and second kind with the 
index n, a  is the inner radius of the hollow structure, b  is the outer radius of the 
hollow structure, r  is the radial position, D  is the diffusion coefficient, and n s are 
the positive roots of 0( ) 0nU a  . I set a = 62.5, b = 87, r =70 and D = 0.3μm
2
; 
0 0 0 0 0( ) ( ) ( ) ( ) ( )n n n n nU r J r Y b J b Y r                (11) 
The Matlab code is presented below.  
maxv = 1; 
maxs = 500; 
b = 87; 
a = 62.5; 
r = 70; 
q=log(r/a)/log(b/a); 
bes_zero = zeros(maxv, maxs); 
zero_guess = 10.1 + 0:0.1*pi:maxs*pi; 
for zero_cnt = 1:length(zero_guess)-20 %% to avoid tail inaccuracies 
zero_try = zero_guess(zero_cnt)/a; 
bes_zero(1,zero_cnt) = fzero(@(x)besselj(0,a*x).*bessely(0,b*x)-
besselj(0,b*x).*bessely(0,a*x), zero_try); 
end 
bes_zero = roundn(bes_zero, -6); 
bes_zero = unique(bes_zero); 
figure(1) 
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hold on 
plot(bes_zero(1:end-20), zeros(1,length(bes_zero(1:end-20))), 'or') 
plot(linspace(0,bes_zero(end-20), 4000), besselj(0,a*linspace(0,bes_zero(end-20), 
4000)).*bessely(0,b*linspace(0,bes_zero(end-20), 4000))-
besselj(0,b*linspace(0,bes_zero(end-20), 4000)).*bessely(0,a*linspace(0,bes_zero(end-
20), 4000))) 
Ja=besselj(0,a*bes_zero); 
Ur=besselj(0,r*bes_zero).*bessely(0,b*bes_zero)-
besselj(0,b*bes_zero).*bessely(0,r*bes_zero); 
Jb=besselj(0,b*bes_zero); 
M= Ja.*Jb.*Ur./(Ja.*Ja-Jb.*Jb); 
% figure(2) 
% plot(bes_zero,J1), hold on, plot(bes_zero,J3, 'r') 
% plot(bes_zero,abs(J1), 'g'), hold on, plot(bes_zero,abs(J3), 'k') 
c=0; 
t=0:0.1:40; 
for n=1:length(bes_zero) 
c=c+3.14*exp(-3e-1*60*bes_zero(1,n).*bes_zero(1,n).*t) .*M(1,n); 
end 
c=0; 
t=0:0.1:40; 
for n=1:length(bes_zero) 
c=c+3.14*exp(-3e-1*60*bes_zero(1,n).*bes_zero(1,n).*t) .*M(1,n); 
end 
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c=q-c; 
figure(3) 
hold on 
plot(t,c,'-r') 
c=1-c; 
plot(t,c,'-b') 
xlabel('Time (min)') 
ylabel('Normalized concentration'); 
Figure 3.6 illustrates the simulated time response. The red line tracks the desorption 
process and the blue one tracks the absorption process. From the curves in absorption and 
desorption rate, the sensors stabilize after approximately 10-15 minutes. However, there 
is still a problem for this simulation: the range of normalized concentration is to around 
0.7, instead of to 1. This simulation needs an improvement. 
 
Fig. 3.6 Time response for the hollow structure of PI coating 
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3.2  Experiment Setup 
In this chapter, we introduce a brief structure of the experiment set up, including every 
components. The humidity chamber is a piece of equipment able to achieve different 
environmental conditions. In this system, the chamber has a range of 0-100C for 
temperature and 0-100% for humidity. As shown in Fig. 3.7, the fabricated FBG 
humidity sensor was placed in a humidity chamber in which the humidity can be tuned 
from 5%RH to 95%RH, and the temperature is fixed at 10C, 30C and 50C. The 
experimental setup is illustrated in Fig. 3.7 and 3.8 including a picture and a schematic. 
The broad band light source in this testing system has a C-band spectrum with a range 
from 1525 to 1560 nm. The light enters the fiber through an optical circulator, which is a 
special component used to separate the signal into 2 opposite directions. By passing 
through the transmission port of the circulator, the reflected light from the FBG sensors is 
emitted into an Optical Spectrum Analyzer (OSA) where the reflection spectrum can be 
tested and observed in order to get the wavelength shift of the FBG sensors in different 
environmental conditions. Figure 3.8 shows a picture of the measurement system. 
 
Fig. 3.7 Illustration of the experimental setup for the evaluation of PS-FBG’s response to 
moisture 
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Fig. 3.8 The measurement system in the lab 
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Chapter 4 
 Results and Discussions 
By using the system shown in the last chapter, some spectrums and measurement results 
with the humidity and temperature shift were obtained on one conventional FBG and two 
PS-FBGs. The major difference between these two kinds of FBG sensors is the period 
structure in the grating, shown as Fig. 2.6, which will lead to a sharp dip in the middle of 
the wavelength peak as demonstrated below. 
4.1 Difference Spectrums between FBG and PS-FBG 
Conventional FBGs are known for their specific wavelength peaks of reflected light, 
resulting from a coupling of the core modes. This specific wavelength can shift strongly 
with variation of environmental conditions such as humidity, temperature, pressure and 
strain. The property can therefore be used in the sensing system to detect such changes. 
However, some issues still need to be solved, particularly the measurement resolution. 
Since we usually measure the shift of the peak wavelength to accomplish the detection, 
the accurate position of the peak is crucial. Fig. 4.1 presents the typical spectra of FBG 
and -PS-FBG. As shown in Fig. 4.1, it is not straightforward to distinguish the 
wavelength peak from the standard FBG spectrum because the peak range of the whole 
spectrum is flat and wide, so we cannot obtain the accurate peak wavelength value. 
Compared to a standard FBG sensor, with a Bragg wavelength at the center of the peak, 
the -PS-FBG is split into two identical narrow peaks with a sharp divide, which can be 
easily observed for an accurate value, and the position of the dip is the Bragg wavelength. 
Therefore, using the very fine line width and sharp dip of the -PS-FBG signal, much 
higher resolution and accuracy in determining the Bragg wavelength of the -PS-FBG is 
possible than in the case of FBG. 
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Fig. 4.1 Comparison of the spectra of standard FBG (top) and -PS-FBG (bottom), 
showing a sharp dip in the bottom figure, where a more accurate wavelength value can be 
evaluated than from the standard FBG spectrum 
4.2 Relative Humidity Response 
Figure 4.2 presents a series of reflection spectra from a PS-FBG under different relative 
humidity at 30C.  The relative humidity is set from 10% to 90% with a 20% interval. 
Corresponding to the humidity sensitive property of standard FBGs, the PS-FBG also 
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presents a gradual increase of the Bragg wavelength resonance with different humidity 
levels at fixed temperature. The Bragg wavelength shifts due to the swelling of the PI 
coating caused by moisture absorption with increasing humidity.  
 
Fig. 4.2 Reflection spectra at different humidity levels (10%, 30%, 50%, 70% and 90%) 
at 30C; the spectrum moves towards higher wavelength with increasing humidity. 
The spectrum above presents the behavior of the FBG spectral characteristics when 
the sensor system was exposed to different humidity conditions. In this experiment, we 
use four fiber sensors, including 2 standard FBG sensors (S1 and S2) and 2 PS-FBG 
sensors (P1 and P2), shown in Fig. 4.3. We tested these 4 sensors at fixed temperature or 
humidity. Table 2 gives their diameters, which is the sum of the fiber radius and coating 
thickness. 
 P1 P2 S1 S2 
Total diameter 
(μm) 
174.0 171.0 167.5 164 
Table 2 Total radius of these four FBG sensors; the original radius of the fiber is 125 μm. 
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Fig. 4.3 Sensors and circulator 
Sensors are kept working in the environment chamber for each 30 minute test since 
spectra need time to stabilize. The tests the 4 sensors shown in Fig. 4.4 and 4.5 coated 
with a thin PI film were measured at different humidity levels and 3 fixed temperatures. 
The humidity ranged from 10% to 90% with 20% intervals and the temperature was fixed 
at 10C, 30C and 50C in each set of measurement. It is noted that the Bragg 
wavelength of the sensor increased linearly with the relatively humidity. Figure 4.4 and 
4.5 also show that the Bragg wavelength of the -PSFBG has a similar increase with the 
ambient temperature like its FBG counterparts. Moreover, their increase with ascending 
humidity is identical to the simulation results. Either the PS-FBG sensor or the standard 
FBG has a 0.2- 0.3 nm Bragg wavelength shift. Compared to the simulation results we 
mentioned above, with a 1 nm shift after a 3% water uptake, these shifts are larger. This 
could be due to that the PI coating being unable to uptake water at 3% in the humidity 
range of 10% to 90%. Furthermore, the value of parameters such as Young’s modulus 
and effective photoelastic constant is temperature dependent.  
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(a) 
 
(b) 
Fig. 4.4 Response of PS-FBG sensors to humidity at 10C, 30C and 50C, with a 
humidity range of 10% to 90% (a) PS-FBG 1, (b) PS-FBG 2 
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(a) 
 
(b) 
Fig. 4.5 Response of standard FBG sensors to humidity at 10C, 30C and 50C, with a 
humidity range of 10% to 90% (a) FBG 1, (b) FBG 2 
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4.3 Humidity Sensitivity 
Considering the relationship of the Bragg wavelength with humidity and temperature in 
Fig. 4.6, it is apparent that the Bragg wavelength-humidity relationship is also influenced 
by temperature. As shown in Fig. 3.4 (simulation), as temperature increases the 
sensitivity decreases for not only PS-FBG sensors but also the standard FBG sensors. 
Obtaining the relationship between the humidity sensitivity and the temperature as shown 
in Fig. 4.6, it can be seen that the highest humidity sensitivity can be achieved at lower 
temperature. This could be caused by the Young’s modules of the PI coating decreasing 
with temperature. In addition, the two PS-FBGs show higher sensitivities than the 
standard FBG probably due to their larger thickness.  
 
Fig. 4.6 Relationship between humidity, sensitivity and temperature, showing higher 
sensitivity obtained at lower temperature 
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but also by a temperature change. Moreover, the temperature cross sensitivity can be 
simply compensated using this sensitivity relationship. The Bragg wavelength-
temperature relationship (the temperature sensitivity) was reported by [51]. Figure 4.7 
gives the temperature response of these four sensors. Relative humidity is fixed at 50% 
and temperatures range from 10 to 50 C. Corresponding to Eq. 5, the Bragg wavelengths 
of both standard FBG sensors and PS-FBG sensors increase linearly with the temperature 
with shifts of about 0.6 nm. However, compared to the humidity response, changing 
temperature makes a smaller wavelength shift, which has already been demonstrated [52].  
 
Fig. 4.7 Response of the four sensors (P1, P2, S1 and S2) to temperature change; the 
wavelength increases approximately linearly from 10 to 50C 
4.5 Time Response 
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temperature of 10C, 30C and 50C. For the first 3 minutes data was recorded every 30 
seconds. After 3 minutes the wavelength was recorded every 3 minutes for half an hour, 
and then recorded every 30 minutes for 8 hours. After summarizing the data obtained in 8 
hours, the PS-FBG sensor stabilized after 2 hours. The plots of the wavelength shift of S2, 
P1 and P2 as a function of the response time during the first 4 hours are presented in Fig. 
4.8, 4.9 and 4.10, and Table 3 shows the exact response time for each sample. It can be 
seen that at low temperature the increase is similar to those of other temperature sets, but 
after 30 minutes samples still need more time to stabilize. Observing from the trend of the 
curves, it can be seen that the wavelength of each sensor still had a little rise after 
stabilizing in the ascending order (from 50%RH to 90%RH), while keeping more stable 
after the response time in the descending order (from 90%RH to 50%RH), due to the 
thermal response delay. A more rapid response occurs in the descending order from 90% 
to 50%, and this could result from a larger water desorption rate than absorption rate in 
the PI [53] [54]. 
 
Fig. 4.8 Time response of P1 at 10C, 30C and 50C during the first 4 hours 
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Fig. 4.9 Time response of P2 at 10C, 30C and 50C during the first 4 hours  
 
Fig. 4.10 Time response of S2 at 10C, 30C and 50C during the first 4 hours 
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Sensor Up(10C) Down(10°C) Up(30°C) Down(30°C) Up(50°C) Down(50°C) 
P1 75 21 24 15 18 9 
P2 90 18 21 12 15 9 
S 90 21 24 12 18 9 
Table 3 Response times of three sensors (units are in min) 
4.6 Stability 
To demonstrate the stability of the sensors, the humidity measurements were repeated 
after 7 months. We tested 3 sensors: P1, P2 and S2, Fig. 4.11 and 4.12 show the response 
of the three fiber sensors at temperatures of 10C, 30C and 50C, with humidity varying 
from 40%RH to 90%RH. Comparing against the results of first test, it can be seen that 
the wavelength still increases approximately linearly with the humidity change and a 
larger range of wavelength variation is obtain, resulting in higher sensitivity for each 
sensor. The increasing sensitivity of each sensor can reach 1~2pm/%RH. However, 
unlike the trend between humidity sensitivity and temperature, Fig. 4.11 and 4.12 
demonstrate that the fiber sensors show top sensitivity at 30C instead of 10C, as 
achieved by the last test. For these three sensors, tested at 10C, the sensitivity is even 
lower than that of 50C. This may be caused by the changing intrinsic properties of the PI 
coating exposed in the air for a long time. Good performance could not be achieved at 
such a low temperature.  
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Fig. 4.11 Response of PS-FBG sensors to humidity at 10C, 30C and 50C, with a 
humidity range of 40% to 90% 
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Fig. 4.12 Response of standard FBG 2 to humidity at 10C, 30C and 50C, with a 
humidity range of 40% to 90% 
Similarly, for the temperature characterization, we also repeated the temperature test. 
Unlike the last test, we tested the three sensors, P1, P2 and S2 in 3 sets of humidity.  At 
the fixed temperature, Fig. 4.13 and 4.14 show the Bragg wavelength shifts in response to 
the temperature change in the range of 10 to 50C with the fixed humidity at 40%RH, 
60%RH and 80%RH. From the response obtained in Fig. 4.13 and 4.14, it was found that 
the sensitivity of each sensor to the temperature is approximately 10~12 pm/C. With the 
increasing humidity the Bragg wavelength increases due to temperature sensing of the PI. 
Comparing PS-FBG with the standard FBG, the plots show similar trends for each sets of 
value, leading to the comparable function in temperature sensing for PS-FBG sensors.  
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Fig. 4.13 Response of PS-FBG sensors to temperature at 40%, 60% and 80%RH, with a 
temperature range of 10 to 50C 
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Fig. 4.14Response of standard FBG 2 sensors to temperature at 40%, 60% and 80%RH, 
with a temperature range of 10 to 50C 
4.7 Hysteresis 
Hysteresis of a FBG sensor is a parameter showing the performance not only during its 
ascending order but also during descent. The hysteresis characteristics of these three 
sensors in the two experiments were also tested. As shown in Fig. 4.15, the temperature is 
fixed at 30C and the hysteresis of the full measurement range is mostly within 15%, 
which is bigger than that of other results [55]. In fact, the hysteresis should be controlled 
within 5% [56] to achieve a good FBG sensor. It can be easily seen that the sensors 
shows a smaller hysteresis under higher humidity. Thus, the hysteresis is another 
parameter that needs to be improved.  
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Fig. 4.15 Hysteresis of the two measurements 
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Chapter 5 
Conclusion 
In this research, we have presents a new method to measure the temperature and humidity 
with phase-shifted fiber Bragg grating sensors. We characterized of humidity sensors 
based on a standard FBG and a -PS-FBG, testing resolution, sensitivity, response time 
and hysteresis. The PS-FBG can produce a sharper dip in contrast to the flat peak in a 
standard FBG spectrum, leading to a narrow 3dBm bandwidth. Achieving higher 
resolution means we can identify temperature and humidity changes with greater 
sensitivity and efficiency.  
We modeled the relationship between the wavelength shift and water uptake, fiber 
radius, coating thickness and humidity, respectively, and numerically simulated the time 
response. In the experiments we measured 4 samples, 2 standard FBGs (S1 and S2) and 2 
PS-FBGs (P1 and P2) in different conditions.  It was found that the Bragg wavelength of 
the sensor increases linearly with both the ambient humidity and temperature, and the 
sensitivity of each sensor can reach 2.5-4.5pm/% for the humidity response and 10~12 
pm/C for the temperature response. It was also found that the humidity sensitivity of the 
sensor decreases with ambient temperature. With the narrow bandwidth, PS-FBGs gave a 
higher resolution than standard FBGs and allowed acquisition of wavelength in the sub-
pm level, and they have similar response trends to humidity and temperature as standard 
FBGs. Moreover, the response times of P1, P2 and S2 are illustrated in the last chapter, 
shown in Table 3. They are limited to 30 minutes at 30C and 50C while the response 
time is over 1 hour at 10C. We also analyzed the stability and hysteresis, which were 
inferior to devices demonstrated in other references, demanding future improvement. 
This work shows the basic concepts and measurements involved in using PS-FBG 
sensors. However, there are still some challenges which need to be considered, such as 
the sensitivity, stability and hysteresis. Further work is also envisaged to explore the use 
of such sensors and other sensors with different coatings in order to enhance the 
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sensitivity and lower the response time. In addition, these devices can also be applied in 
the measurement of strain, pressure and solution concentration. 
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